We present results from a set of numerical simulations aimed at exploring the mechanism of coronal mass ejection (CME) suppression in active stars by an overlying large-scale magnetic field. We use a state-of-the-art 3D magnetohydrodynamic (MHD) code which considers a self-consistent coupling between an Alfvén wave-driven stellar wind solution, and a first-principles CME model based on the eruption of a flux-rope anchored to a mixed polarity region. By replicating the driving conditions used in simulations of strong solar CMEs, we show that a large-scale dipolar magnetic field of 75 G is able to fully confine eruptions within the stellar corona. Our simulations also consider CMEs exceeding the magnetic energy used in solar studies, which are able to escape the large-scale magnetic field confinement. The analysis includes a qualitative and quantitative description of the simulated CMEs and their dynamics, which reveals a drastic reduction of the radial speed caused by the overlying magnetic field. With the aid of recent observational studies, we place our numerical results in the context of solar and stellar flaring events. In this way, we find that this particular large-scale magnetic field configuration establishes a suppression threshold around ∼ 3 × 10 32 erg in the CME kinetic energy. Extending the solar flare-CME relations to other stars, such CME kinetic energies could be typically achieved during erupting flaring events with total energies larger than 6 × 10 32 erg (GOES class ∼X70).
INTRODUCTION
Flares and coronal mass ejections (CMEs) constitute the most energetic phenomena in the solar system. Succinctly, the former correspond to a sudden radiation flash in the solar atmosphere (covering the entire electromagnetic spectrum), and the latter to a relatively localized release of magnetized plasma into interplanetary space. The standard picture of their generation involves a chain of processes which is ultimately linked to the re-organization or reconnection of the coronal magnetic field (see Chen 2011 , Shibata & Magara 2011 , Webb & Howard 2012 , Benz 2017 .
Recent correlation studies have shown that the most energetic solar flares (X-class in the Geostationary Operational Environmental Satellite -GOES 1 -scale, which is based on the flare peak emission in the SXR band of 1 − 8 Å), are nearly always accompanied by a CME (Andrews 2003 , Compagnino et al. 2017 . On the other hand, while the complete energy budget is still uncertain, it is nowadays clear that the CMEs carry a much larger fraction of the available energy than the X-ray/EUV flare counterparts (see Emslie et al. 2005 Emslie et al. , 2012 . Still, the flare-CME energies seem to reach comparable levels when thermal and non-thermal emission in other wavelengths are included (i.e. white light/UV continuum; Kretzschmar et al. 2010 , Kretzschmar 2011 , Emslie et al. 2012 .
While permanent monitoring of the Sun has driven significant progress in this field, some observational aspects seem to indicate that the flare-CME paradigm deviates from its solar rendition in the stellar case. This includes the fact that the coronae of active stars appear to be continuously flaring (e.g., Kashyap et al. 2002 , Huenemoerder et al. 2010 , and their light curves can often be well-described using a superposition of flares (c.f., Audard et al. 2000 , Caramazza et al. 2007 . At face value this enhanced flare activity would imply a correspondingly high occurrence of stellar CMEs, possibility that has been considered by different authors in the context of stellar evolution (c.f., Aarnio et al. 2012 , Schnepf et al. 2015 , Cranmer 2017 ) and environmental conditions -such as habitability-around stellar systems (c.f., Khodachenko et al. 2007 , Cohen et al. 2011 , Kay et al. 2016 , Takahashi et al. 2016 , Cherenkov et al. 2017 . Flares in very active stars can be 10 3 − 10 6 times more energetic than solar flares (c.f. Osten et al. 2007 , Kowalski et al. 2010 , Shibayama et al. 2013 , Davenport 2016 . Despite this, convincing evidence for stellar CMEs is rare and elusive. A handful of studies have reported blue-wing enhancements in the Balmer lines of M dwarfs at velocities exceeding the stellar escape velocity which the authors interpreted as eruptive stellar filaments (Houdebine et al. 1990 , Gunn et al. 1994 , Vida et al. 2016 . Guenther & Emerson (1997) found a distinct Hα blue-wing enhancement in a spectrum of the weak T Tauri star DZ Cha (RX J1149.8-7850) they attributed to a CME and deduced an ejected mass in the range of 10 18 − 10 19 g, which is a factor 10 − 100 larger than for the most massive solar CMEs. Moschou et al. (2017) followed the suggestion of Favata & Schmitt (1999) , that an absorption event during a giant flare on Algol could be a CME, to deduce an even larger ejected mass in the range 10 21 − 10 22 g. However, several studies attempting to detect of stellar CMEs using radio and optical data found no significant signatures (e.g., Leitzinger et al. 2014 , Crosley et al. 2016 , Villadsen 2017 , Crosley & Osten 2018 .
In addition, as discussed in detail by Drake et al. (2013) , problematic consequences arise in extrapolating solar flare-CME relations to active stars. One of them is a very large predicted contribution from CMEs to the stellar mass loss rate (Ṁ ), leading toṀ values up to four orders of magnitude greater that the accepted value for the Sun (due to the solar wind), and roughly two orders of magnitude above the largestṀ estimate obtained from astrospheric Lyman-α absorption (Wood et al. 2002 (Wood et al. , 2005 (Wood et al. , 2014 . In a previous study following a similar extrapolation procedure, Aarnio et al. (2012) obtained comparableṀ values in the case of T Tauri stars.
Likewise, Osten & Wolk (2015) obtained similarṀ predictions by extending flare-CME relationships to include the different energy band passes and flare frequencies observed in solar-type and low-mass stars. Following a slightly different approach, Cranmer 2017 considered a solar-motivated relation between surfaceaveraged magnetic fluxes and the contribution of CMEs to the total mass loss in stars. In that model, the CMEs would dominate by factors of 10 − 100 the mass loss budget in young stars (few Myr in age), surpassing the contribution from the steady stellar wind even for later stages (younger than about 1 Gyr). Recently, Odert et al. (2017) presented an empirical model (which also incorporates solar extrapolations), with relatively good agreement on the predictedṀ for moderately active stars (i.e., surface X-ray fluxes F X < 10 6 erg cm −2 s −1 ), but still extremely high values at the high-activity end.
The analysis of Drake et al. (2013) also showed that in order to sustain solar-like flare-driven CME activity, the kinetic energy requirements would be implausibly high, reaching up to ten per cent of the stellar bolometric luminosity for active stars in the saturated regime. They concluded that either the relationships between CME mass/speed and flare energy must flatten for Xray energies 10 31 erg, or the flare-CME association rate must drop significantly below 1 for more energetic events (unlike the solar case).
One process that could reduce the flare-CME association rate in active stars, avoiding the energy/mass loss quandary identified by Drake et al. (2013) , is the suppression of the plasma ejecta by a strong overlying magnetic field (Drake et al. 2016 ; see also Odert et al. 2017) . This possibility has been invoked to explain the behaviour of certain flare-rich CME-less active regions in the Sun (e.g. Thalmann et al. 2015 , Sun et al. 2015 , Liu et al. 2016 ). In the case of active stars, there is ample evidence of strong large-scale magnetic fields that could provide the required confining conditions (see Donati & Landstreet 2009 , Donati 2011 , Shulyak et al. 2017 . Such a scenario was briefly illustrated in the magneto-hydrodynamic (MHD) simulation presented by Drake et al. (2016) , where a strong solar CME failed to erupt when placed under the large-scale magnetic field configuration of a much more active star (AB Doradus; Hussain et al. 2002) .
In this paper we follow a similar methodology, using a set of realistic simulations of magnetically-driven CMEs embedded in a large-scale magnetic field, in order to determine their properties and ability to escape the confining field. This study represents the first step in characterizing the conditions and regimes of operation of this mechanism. Section 2 contains the description of the numerical models, as well as the different boundary and initial conditions. Our results are presented in Sect. 3 and discussed in the solar and stellar context in Sect. 4. A summary and the conclusions of our work are presented in Sect. 5.
NUMERICAL SIMULATIONS
Two different coupled models are considered in this study: the Alfvén Wave Solar Model (AWSoM, Sokolov et al. 2013 , van der Holst et al. 2014 , Sokolov et al. 2016 , and the Gibson & Low (GL) flux-rope CME model (Gibson & Low 1998 , Manchester et al. 2004 , Jin et al. 2017b ). Both models are implemented in the latest version of the Space Weather Modeling Framework (SWMF, Tóth et al. 2012) , and are now used extensively in the solar system context (e.g., Meng et al. 2015 , Jin et al. 2017a , Oran et al. 2017 ).
The AWSoM model considers a non-ideal MHD regime, solving the equations for the conservation of mass, momentum, energy, and magnetic induction on a spherical grid. The coronal heating and stellar wind acceleration are calculated in a self-consistent manner from the propagation, reflection, and turbulent dissipation of Alfvén waves in the lower layers of the stellar atmosphere. These contributions are coupled in the form of an additional term for the total pressure in the momentum equation and a source term in the energy equation. Treatment of radiative losses and electron heat conduction are also considered in the simulation. Specific details of the numerical implementation can be found in van der Holst et al. (2014) and Sokolov et al. (2016) .
Fixed values for the base temperature and density, matching expected solar chromospheric levels (T 0 = 5 × 10 4 K and n 0 = 2 × 10 16 m −3 ), are used as the inner boundary condition of the simulation. Likewise, the distribution of the magnetic field at the stellar surface over the course of one rotation period 2 , provides the boundary condition for calculating the initial configuration of the magnetic field in the three-dimensional domain. This is performed following a potential field extrapolation (Altschuler & Newkirk 1969) , under the numerical procedure described by Tóth et al. (2011) .
The initial magnetic field configuration constitutes the main driver of the model, as it provides the directionality of the counter-propagating Alfvén waves (which follow the polarity of the field), and the amount of energy flow via the Poynting flux (which scales proportionally to the field strength at the surface). The simulation then evolves self-consistently until a steady-state solution is obtained for the stellar wind and corona. We have used this numerical approach in previous studies to characterize the corona and stellar wind environment around planet-hosting Sun-like stars (c.f. AlvaradoGómez et al. 2016a AlvaradoGómez et al. , 2016b , and M-dwarfs (c.f. Garraffo et al. 2016a . For the simulations presented here we assumed solar values for the stellar mass, radius, and rotation period.
Since we are interested in the suppression of CMEs by an overlying field, the magnetic configuration driving our simulations is based on the superposition of two generic components: a large-and small-scale field (Fig. 1) . For the first one we assumed a simple 75 Gauss dipole aligned with the rotation axis of the star (z-axis). As reference, the dipole field strength of the Sun is on the order of ∼ 1 G in magnitude (Schrijver & Liu 2008) . The 75 Gauss value was selected as a compromise between a sufficiently strong field to test the suppression mechanism, and the increased computational requirements resulting from this assumption 3 . However, as this is a modest large-scale field compared to reports from spectropolarimetric observations of very active stars (reaching up to kG levels; see Donati & Landstreet 2009 , Donati 2011 , any confining effects on the CMEs could be potentially increased in those cases.
For the small-scale component, we take one of the solar synoptic maps generated by the Global Oscillation Network Group (GONG) program 4 . While an arbitrary CR could have been considered (provided the presence of a prominent mixed polarity active region), we select the CR 2107 map because it was used for the calibration of the GL model (Jin et al. 2017b) , and for a numerical study of the propagation up to 1 AU of a CME emerging from the active region (AR) 11164 (Jin et al. 2017a ). We use this same active region to host the GL flux rope in our CME simulations.
We first obtain a steady-state corona and wind solution. The GL flux rope CME model is then linearly coupled inside the stellar corona domain. This model begins with a magneto-hydrostatic description of a twisted closed flux-rope, anchored to a mixed-polarity region of the magnetic field at the stellar surface (simulation's inner boundary). In addition to the magnetic flux rope, the GL model also embeds an initial density profile which follows the observed filament-cavity configuration typically preceding a CME event (Vourlidas et al. 2013) .
Only the ambient coronal material is used to perform this density re-arrangement above the AR, so no mass is added by the GL model to the stellar corona domain. Due to the pressure imbalance of the structure with respect to the ambient stellar wind, the eruption process is not gradual but is immediately triggered once the simulation restarts. This is executed in time-accurate mode, following the evolution of the CME for a certain amount of time (depending on the problem of interest). The starting state of the GL model is specified by a set of eight parameters involving the location, orientation, geometry, and magnetic properties of the erupting flux rope. These parameters connect the characteristics of the AR hosting the eruption, and the stretching transformation used to construct the GL model (see Gibson & Low 1998) . For direct comparison, our simulations use the same fixed parameters assumed in the solar calibration study, varying only the properties connected with the size (r 0 ) and magnetic strength (a 1 ) of the CME (Table 1; We consider a spherical grid extending from ∼1 to 50 R * with a maximum base resolution of 0.025 R * . To properly capture the eruption and propagation of the CME, the anchoring active region is enclosed by a 45
• (longitude) spherical wedge, with twice the maximum base resolution (Fig. 1) , and reaching up to 25 R * . We trace the propagation of each CME inside the stellar corona domain for one hour of physical time
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(with full 3D MHD snapshots every 5 minutes).
3. RESULTS Figure 2 shows two different views of the resulting steady-state corona and stellar wind solution. As expected, the global structure is dominated by the largescale component of the driving magnetic field (c.f. Garraffo et al. 2013 Garraffo et al. , 2016b . A standard two-region configuration is obtained, with a fast, low-density wind coming out from the polar regions (open field), complemented with a high-density, slow wind close to the stellar equator (closed field). The solution shows a high-degree of axial symmetry, albeit with some minor deviations in-troduced by the various mixed-polarity regions corresponding to the small-scale field (Fig. 1) .
Steady-state configuration
To perform a quantitative characterization of the solution, we calculate the location of the Alfvén surface (AS) of the stellar wind. This surface is defined by the collection of points in the 3D domain at which the wind speed (u sw ) is equal to the Alfvén speed (v A ) of the plasma, defined as v A ≡ B / √ 4πρ, where ρ and B are the local density and magnetic field strength, respectively.
The AS determines the location at which the stellar wind becomes magnetically decoupled from the star (see Weber & Davis 1967 , Mestel 1968 , 1999 , Mestel & Spruit 1987 , Kawaler 1988 . For this reason, the AS is used to reliably determine the loss rates of mass (Ṁ * ) and angular momentum (J * ) from the MHD solution (c.f. Cohen & Drake 2014 , Vidotto et al. 2014 , Garraffo et al. 2015a . Our simulations indicate a maximum AS extent of 30 R * close to the polar regions, with an average size of 25R * . In contrast, an equivalent solar wind simulation using the unmodified CR 2107 magnetic field map yields a mean AS radius of 15 R * .
In addition, the solution indicates a maximum radial wind speed of 835 km s −1 , with an associated mass loss rate ofṀ * 1.59 × 10 13 g s −1 (which is equivalent to ∼ 2.5 × 10 −13 M yr −1 6 12.5Ṁ ). Despite the , of the erupting GL flux rope. Columns 6 − 9 contain derived CME quantities, including maximum values for traveled distance (R CME ), radial speed (u CME r ), mass (M CME ), and kinetic energy (K CME ), after one hour of evolution. Column 10 lists the total flare energy (E FL ) of each event, as estimated in Sect. 4. The "Status" column indicates whether the CME was confined (C) or managed to escape (E) the large-scale magnetic field.
generic field configuration driving the simulation, the resultingṀ * is comparable with the estimates from astrospheric Lyman-α absorption reported by Wood et al. 2005 , for stars with commensurate large-scale magnetic field strengths (e.g. ξ Boo A, Morgenthaler et al. 2012; Eri, Jeffers et al. 2014 .
Confined CMEs
As described in Sect. 2, our CME simulations consider GL flux rope eruptions with increasing poloidal flux Φ p (see Table 2 ). We start by exploring the extent of Φ p values employed for solar simulations (from 1.0×10 21 Mx to ∼ 2.2 × 10 22 Mx; Jin et al. 2017b) , yielding the observed range of CME speeds (between ∼ 750 − 3200 km s −1 ). We will find that these flux rope parameters do not produce such CMEs in the presence of the 75 G large-scale field. Instead, these eruptions are arrested and do not escape, and we refer to them as confined CMEs.
The left and middle columns of Fig. 3 show the final state (after one hour of evolution), of two eruptions with Φ p values at the mid-and high-end of the solar range (Table 2 , runs 03 and 05). In the right panels of Fig. 3 we present the results of a GL flux rope eruption with roughly twice the maximum poloidal flux value considered in the solar validation study of Jin et al. (2017b) .
While these GL flux eruptions would have a relatively large impact on the wind for a typical solar magnetic field, this is not the case for the configuration including an additional strong large-scale dipole component. As can be seen from the top panels of Fig. 3 , the ambient stellar wind appears relatively unaltered during the evolution of the CME (density-colored iso-surface in Fig. 3, top) . The latter is identified over the timedependent simulation by the regions in the 3D domain, which display a simultaneous enhancement of both the local density (≥ 50%) and wind speed (≥ 25%) with respect to the steady-state conditions. While the eruptions are arrested and do not escape the lower corona, they do not remain static as the simulation evolves. Table 2 contains the maximum traveled distance, achieved ∼ 30 − 40 minutes after the onset of the eruptions, and the radial speed in each case. For the remaining simulation time, the confined eruptions largely preserve their shape and location.
In order to visualise any CME-induced changes on the global structure, the bottom panels of Fig. 3 show the difference in radial wind speed (∆u r ) between the preand post-CME states (after one hour of evolution). The patches of enhanced wind speed appearing towards the poles are not caused by the CME, but rather by the Figure 3 . Results after one hour of evolution of three different GL flux rope CME simulations. Each column corresponds to a different value of Φp, associated with the runs 03 (left), 05 (middle), and 06 (right), listed in Table 2 . The perspective shows the eruptive AR towards the north-western limb on the stellar surface (central sphere). A transversal plane crossing the AR, serves to project the distribution of the radial wind speed (top), and its variation with respect to the steady-state pre-CME conditions (bottom). The identified CME ejecta is shown in all cases, color-coded by plasma density (top), and as a translucent yellow shade (bottom) for clarity purposes. Grey magnetic field lines are indicative of the large-scale magnetic field, while a selection of field lines seeded around the eruptive AR is shown in magenta. The field of view of all panels is 12 R * .
difference between a steady-state and a time-dependent wind simulation 7 . On the other hand, it is possible to observe mixed regions of decreasing (red) and increasing (blue) wind speed in the vicinity of the erupting AR, particularly for the strong CMEs presented in Fig. 3 (middle and right panels). Both cases display a signature of wind speed reduction, which extends from roughly the maximum height reached by the CME, back to a high-latitude region on the stellar surface (∼ 20
• higher than the initial location of the erupting flux rope, see Table 1 ). In contrast, the largest speed enhancement feature, arising from the change in the confining magnetic field, moves towards the equatorial plane as the simulation evolves. This behaviour was expected since for a given radius, a dipolar large-scale field aligned with the z−axis reaches its minimum value around this location. More specifically, the collection of points where B = 0 define the current sheet of the system, which for this large-scale configuration is roughly coincident with the equatorial plane, where the outgoing plasma will experience the least amount of resistance by the magnetic field. Similar results have been reported in semi-empirical simulations of solar CMEs (see Kay et al. 2013 Kay et al. , 2015 .
As was mentioned in Sect. 2, the initial configuration of the GL model modifies the density profile above the erupting AR. However, no extra mass is added to the flux rope meaning that our simulated CMEs only carry away the ambient coronal plasma. The quantities listed in Table 2 correspond to the CME mass after one hour of evolution, containing the mass initially perturbed by the eruption above the AR, and the coronal mass swept up during the CME expansion. These have been calculated by performing a numerical integration over the 3D volume defined by the evolving CME (i.e., the above mentioned simultaneous positive gradients in n and u r with respect to the ambient wind solution). It is interesting to note that even without the contribution from the filament, the values derived for all the fully suppressed cases fall within the mass (10 12 − 10 17 g) and kinetic energy (10 28 −10 32 ergs) ranges observed in solar CMEs Aschwanden 2017) . Table 2 also contains the magnetic energy (E FR B ) associated with each eruption. This quantity has been calculated by performing a numerical integration of the magnetic energy density, U B = B 2 /8π, over the volume enclosed by the inner boundary (stellar surface at r R * ) and a sphere with radius R = r 0 + R * , and taking the difference between post-and pre-CME states. As expected, E FR B is significantly larger than K CME (up to four orders of magnitude), and increases proportionally to the amount of poloidal flux added by the GL eruption. Our numerical values are fully consistent with observational estimates of the magnetic energy in moderate to large solar flaring events (eruptive and non-eruptive flares with GOES class ≥ M5.0; see Toriumi et al. 2017) .
Lastly, for the CME presented in the right panel of Fig. 3 , a small plasmoid can be seen around the apex of the confined loop. This feature could in principle escape over a longer time-scale than the one followed by our simulation. Indeed, its radial velocity with respect to the loop apex is ∼ 320 km s −1 , whereas the escape velocity at that location is ∼ 280 km s −1 . Nevertheless, as reported in Table 2 , we have classified this event as a fully suppressed one given that the bulk of the eruption remains magnetically bound to the star. This result indicates that the suppression threshold for our GL flux rope configuration should lie close in parameter space to the values considered for this particular simulation (run 06).
Escaping CMEs
We proceed by further increasing the amount of poloidal flux of the GL flux rope. Figure 4 contains the simulation results after one hour of evolution, of two eruptions with roughly five (left) and ten (right) times the maximum Φ p value used in solar CME simulations (Jin et al. 2017b ). The visualizations are analogous to the ones presented in Fig. 3 . In this case however, the effects of the CME on the ambient stellar wind are more pronounced (notice the colour scale change in the lower panels of Fig. 4 with respect to Fig. 3) .
Both events show a similar global structure with a CME front carrying a large fraction of the ambient material and escaping the vicinity of the erupting AR towards the current sheet. As the CME expands, the large-scale magnetic field lines above the erupting AR get compressed as they converge toward the stellar surface, and further reducing the velocity of the coronal material at higher latitudes. Unlike the cases presented in Fig. 3 , this signature is also visible in the opposite hemisphere of the star (below the equatorial plane in the visualizations of Fig. 4) 8 . Likewise, closer examination of the magnetic field lines anchored at the erupting AR (magenta field lines in Figs. 3 and 4) shows a subtle change in connectivity between the escaping (double loop) and the fully suppressed CME cases (single loop). A small portion of the eruption remains close to the stellar surface indicating some partial confinement, as its geometry largely resembles the fully suppressed cases. The radial speeds of these two events are less than 1800 km s −1 and well within the observed range of CME speeds in the Sun. Their associated masses and kinetic energies are also comparable with the maximum values derived from solar observations (i.e., M CME max, 2.0 × 10 17 g and K CME max,
× 10
33 erg; Gopalswamy et al. 2009 ). On the other hand, the associated magnetic energies in these two runs are roughly one order of magnitude larger than the estimated value of a plausible extreme event occurring in the Sun (∼ 1.5 × 10 34 erg, Toriumi et al. 2017) , and are still more than one order of magnitude larger than the corresponding CME kinetic energy in each case.
Monster CMEs
We now consider the strongest events in our simulation set (runs 11 and 12 in Table 2 ), which are presented in Fig. 5 . Apart from a larger field of view (36 R * ), necessary to capture the rapidly expanding CME, the visualizations are analogous to those presented in Figs. 3 and 4. These events are clearly escaping the large-scale magnetic field of the star. However, they show a different spatial structure compared with the relatively weaker eruptions analyzed in the last section.
After the onset of the eruption, the escaping CME fragments itself into two different parts, which are separated by a region of strong decrement in wind speed (in approximately the same location as in the previous cases). The first one breaks through the large-scale magnetic field and quickly moves to higher latitudes, while the second one slowly drifts towards the equatorial plane, compressing the surrounding field lines in its path. The slightly weaker event associated with run 10 in Table 2 (not shown in Fig. 5) , displays a similar behaviour.
Each CME component moves with a different radial speed, with the first one, at higher latitude, moving approximately 2000 km s −1 faster than the second (see Fig. 5 ). The velocity difference is probably caused by the distribution of the coronal density, which is deter- Figure 4 . Results after one hour of evolution of the GL flux rope CME simulations associated with the runs 07 (left) and 08 (right) listed in Table 2 . See caption of Fig. 3. mined by the dipolar topology of large-scale magnetic field (i.e., low density around the poles and high density in the equatorial regions). Due to this density contrast, roughly ∼ 60 % of the CME mass is contained in the slower component, with the remaining 40 % escaping within the fast component (the larger volume compensates to some extent the much lower density). Such a distribution may be different for real stellar CMEs, as our simulations do not include the mass contribution from the dense erupting filament.
ANALYSIS AND DISCUSSION

Magnetic flux and CME speed
With limited information on stellar CMEs, we will focus our discussion in the context of previous solar numerical and observational studies. As mentioned earlier, the events presented in Figs. 4 (and all the remaining cases with higher Φ p values; see Table 2 ), are outside the parameter space used for CME simulations on the Sun. Nevertheless, as a first order approximation we can estimate the potency of these two eruptions for a typical solar magnetic field/wind configuration, by extrapolating the relation connecting Φ p and u CME r used in the validation of the GL model (Jin et al. 2017b ). This relation, for the CMEs presented in the left and right panels of Fig. 4 suggests radial speeds of roughly 10000 km s −1 Figure 5 . Results after one hour of evolution of the GL flux rope CME simulations associated with the runs 11 (left) and 12 (right) listed in Table 2 . See caption of Fig. 3 . The slow and fast components of the eruption are indicated. The field of view of all panels is 36 R * and 15000 km s −1 , respectively. However, in the actual coronal environment the properties of the magnetic field and ambient wind have an influence the behavior of escaping CMEs. Such CME velocities are never realized in practice likely owing to drag and retardation in the outer corona (Manoharan 2006) .
The empirical relation employed above was motivated by the findings of Qiu et al. (2007) , linking the reconnected magnetic flux during a flare (ϕ FL ) with the observed CME speed. Very recently, Tschernitz et al. (2017) report a similar trend for a sample of 19 eruptive solar flares, where u CME r (720) · (ϕ FL /10 22 ) + 600, with u CME r in km s −1 and ϕ FL in Mx. Interestingly, this relation closely matches the u CME r (Φ p ) dependency obtained by Jin et al. (2017b) with their MHD simulations, suggesting an equivalence between the numerical (Φ p ) and observational (ϕ FL ) fluxes. This presents a way to connect the properties of a simulated CME, driven with a certain Φ p value, with the expected characteristics of a flare containing the same amount of ϕ FL . Following this idea we can invert the scaling relation reported by Tschernitz et al. (2017) , derived from a larger sample (51) of confined and eruptive solar events, to connect 
where b = 0.580 ± 0.034 and a = 24.21 ± 0.22. Using this procedure, we present in Fig. 6 the behaviour of u CME r as a function of Φ p in our simulations, with the corresponding F FL SXR values indicated by an additional x−axis. The full extent of the parameter space covered by our simulations is much clearer now, with eruptions of equivalent SXR fluxes ranging between C3.5 and X3000.0 in the GOES classification (nearly five orders of magnitude of difference). This secondary scale allows a direct comparison with the estimated parameters of two historical extreme eruptions in the Sun: the Carrington 1859 flare (∼X45.0, M CME ∼ 8.0 × 10 16 g, K CME ∼ 2.0 × 10 33 erg; Cliver & Dietrich 2013) and the 775 AD event 9 (∼X230.0, M CME ∼ 7.5 × 10 17 g, K CME ∼ 5.0 × 10 34 erg; Melott & Thomas 2012 , Cliver et al. 2014 10 . Likewise, we have also included the observational results from Salas-Matamoros & Klein (2015) and Tschernitz et al. (2017) , linking u CME r with F FL SXR and ϕ FL , 11 respectively. Various aspects of Fig. 6 are noteworthy. First of all, it is clear that our simulated CMEs are slower than expected from solar events with equivalent magnetic and/or flaring properties. The same is true for events outside the solar parameter space. For instance, the speeds of our strongest events are comparable with the fastest solar CMEs (see Table 2 ). Still, the poloidal fluxes driving these eruptions are more than one order of magnitude larger than what is needed to power a solar CME with the same speed (Jin et al. 2017b ). We attribute this to the fact that all our cases have, to some extent, been suppressed by the large-scale magnetic field. Its good to note here that our methodology for determining the CME speeds is relatively similar to the linear speed determination of the LASCO CME catalog (based on coronograph data between 1.5 − 30 R ).
On the other hand, while the observational relationships are roughly consistent within their ranges of derivation (solid lines in Fig. 6 ), the location of the Carrington and the 775 AD events suggest that the extrapolation of u CME r (F FL SXR ) is more robust than that of u CME r (Φ p ). Under this consideration, the difference between the expected and the simulated CME speeds is larger for the confined events than in the escaping counterparts. As discussed later, this will have important consequences in terms of the kinetic energy carried away by the CMEs. Furthermore, it is interesting to see that the radial speeds of our three strongest cases differ by less than ten percent, despite an increment greater than a factor of 2.4 in Φ p (almost an order of magnitude in F FL SXR ). Given the appropriate escaping conditions, this is indicative of a very important (or even dominant) role played by the stellar wind topology in determining the final properties of the eruption, as all these three events displayed the CME fragmentation previously described in Sect. 3.4.
Finally, if we consider that the poloidal flux of an eruption is contained within the average area of an AR in the Sun (i.e. ∼ 4.5 × 10 19 cm 2 ) 12 , the weaker escaping events in Fig. 7 (cases 07 and 08 shown in Fig. 4) would require flux ropes with field strengths between 2.2 kG and 3.2 kG, respectively. These values are up to five times larger than the estimates presented by Sun et al. (2015) , of the field strength along the main polarity inversion line (PIL; where the flux ropes reside) of three major solar ARs. The required flux rope field strengths are instead comparable with the PIL estimates for the largest ever reported solar AR 13 (i.e., ∼ 1.8 × 10 20 cm 2 ). We surmise that the conditions to generate large CME events, while extremely unlikely, are not completely excluded in the case of the Sun. This is consistent with the relative location of the Carrington 1859 and the 775 AD events in Fig. 7 , whose radial speeds would not have been reduced due to the lack of a significant large-scale confining field in the Sun.
CME masses
As discussed earlier, the masses associated with the events presented in Sects. 3.2 and 3.3 are within nominal solar ranges. On the contrary, the largest (and fastest) CMEs from Sect. 3.4 display masses that are two orders of magnitude larger than the typical values associated with fast CMEs in the Sun (with u CME r, > 2500 km s −1 ), and roughly ten times above the estimates for the most massive event in the the latest version of the SoHO/LASCO CME catalog 14 . This difference was expected considering the increase in size of the eruption (parameter r 0 in Table 2 ), and the amount of coronal plasma swept away as the event evolves.
To understand the global behaviour of the resulting CME mass, in Fig. 7 we present the simulated M CME values as a function of Φ p . The F FL SXR axis values are determined following the same procedure as in Fig. 6 .
We include two M CME (F FL SXR ) relations (and their extrapolations), derived by Aarnio et al. (2011) and Drake et al. (2013) , using similar sets of solar observations. Unlike the radial speeds, the CME masses in our simulations align closely to the observational trends, regardless of their confined or escaping status. In particular, our simulated values seem to follow more closely the Aarnio et al. (2011) relation rather than the one from Drake et al. (2013) . Still, as described in Sects. 3.3 and 3.4, Figure 7 . Mass of our simulated CMEs (M CME ) as a function of Φp. See the caption of Fig. 6 . As indicated, the solid lines show different relations for M CME with respect to F FL SXR derived from solar observations. Extrapolated ranges for each relation are indicated by dashed lines. Symbols denote the CME status in the simulations.
all of our escaping events show some degree of CME fragmentation, where a fraction of the eruption remains confined by the large-scale field. This confined mass can be as high as 50 per cent of the total mass of the eruption, bringing down the masses of the escaping cases in Fig. 7 towards the scaling from Drake et al. (2013) . As the filament contribution is neglected in the simulations, our CME masses could be altered depending on a nontrivial response of such structure to the confining field. Nevertheless, if we include the formal uncertainties of these observational scalings, our numerical values are effectively consistent with both relations.
At face value, these results would indicate that the large-scale field has relatively little influence over the CME mass. However, it is important to note here that the CME masses were not included in the calibration of the GL model by Jin et al. (2017b) . Therefore, it is not possible to guarantee that our confined events would have the same CME masses in the absence of the largescale field (i.e. under normal solar conditions). Likewise, stellar wind simulations have shown that stronger large-scale fields lead to higher mass loss rates (c.f., Garraffo et al. 2015b , Pognan et al. 2018 , and more dense coronae (c.f. Cohen et al. 2014 Cohen et al. , 2017 . It is expected then that escaping CMEs under those conditions would sweep up more mass than in a weaker large-scale field case. For these reasons, a more accurate interpretation of Fig. 7 would consider instead the coronal mass perturbed by the erupting flux rope (not necessarily escaping), which should mostly depend on Φ p and the smallscale field anchoring the eruption, with little influence from the large-scale magnetic field. On the other hand, it is clear that the large-scale field will drastically affect the amount of mass the star can lose via CMEs, with the explicit example studied here of a 75 G dipolar field being able to fully suppress solar events up to ∼X20 in the GOES class. As discussed by Drake et al. (2016) , the relative importance of this suppression mechanism in the mass loss budget in active stars will strongly depend on whether small or large flares dominate the properties of the corona, with a larger influence on the former case compared to the latter.
CME kinetic energy and suppression threshold
We conclude our discussion by considering the kinetic energy of the CMEs and the suppression threshold established by the large-scale field. Figure 8 shows K CME in terms of Φ p in our simulations. The associated F
FL SXR
values (determined as in Fig. 6 ), are used to compute an additional x−axis indicating the total energy of the flare, E FL , given by
with d = 0.79 ± 0.10 and e = 34.49 ± 0.44. This relation was initially derived in the Sun-as-as-star flaring analysis of Kretzschmar (2011) , and has been shown to be robust even for extreme solar flares (see Warmuth & Mann 2016) . Table 2 contains the derived values of E FL from Eq. 2, which turn out to be 0.1 to 1.0 per cent of the numerically-integrated magnetic energy added by the flux rope (E FR B ), being the fraction larger for stronger events. Despite the simplicity of this approach, these flare-magnetic energy fractions agree well with typical values observed for the Sun (c.f. Emslie et al. 2012) . As discussed below, this scaling also allows us to compare the results from our simulations with the characteristic behaviour derived from solar observations.
By performing a statistical analysis over a database of solar flares and CMEs, Drake et al. (2013) found that, on average, K CME 200 E FL X , with E X as the energy of the flare in the GOES X-ray bandpass. On the other hand, solar observations have revealed that only about 1 per cent of the total energy of a flare is radiated in the GOES X-ray band (see Woods et al. 2006 , Kretzschmar 2011 . These two results imply that CMEs and flares in the Sun roughly follow K CME 2 E FL , in agreement with the findings of Emslie et al. (2012) . This relation is constructed as in Fig. 6 , and serves to compute a third x−axis indicating the total flare energy, E FL , using the scaling derived by Kretzschmar (2011) . The dashed line shows a 1 to 2 equivalence between CME kinetic and flare energies.
is indicated by the dashed line in Fig. 8 . At face value, it would seem like the behavior of the flare-CME energy equipartition is not heavily altered by the presence of the large-scale field. We do not intend to imply that the solar relation is a good representation of our simulated events, and point out that their deviations from this relation do approach an order of magnitude. The escaping events also show a significantly different slope. However, the solar events on which the relation is based have all escaped from regions of the solar corona with a wide range of overlying magnetic field configurations (provided by the combination of the large-scale dipolar field and overlying fields anchored to the ARs) and into different ambient wind conditions, all of which must have some modulating influence on their speeds. In this sense, our simulations of escaping events do represent, in the coarsest way, an extrapolation into strong field conditions, such that the absence of much greater deviations from the mean solar relation is perhaps not surprising.
Finally, the status of our simulations (determined by visual inspection and the escape velocity of the perturbation) seems to closely match the position of the events relative to this empirical relation, with confined cases showing K CME C < 2 E FL , and escaping CMEs following K CME E to fill in the gap where the confined/escaping transition occurs, allowing us to locate the suppression threshold imposed by the overlying field. In this way, a 75 G dipole acting as the large-scale component of the stellar field, is able to suppress CMEs with kinetic energies below ∼ 3 × 10 32 erg. We stress that these results have been obtained under very specific conditions (see Sect. 2), and thus their generalization to other cases requires further investigation.
SUMMARY AND CONCLUSIONS
We considered a set of 3D MHD numerical simulations to study the suppression of coronal mass ejections (CMEs) by a large-scale magnetic field. This mechanism is expected to play an important role in determining the contribution from these eruptive phenomena to the mass loss and magnetic energy budget in active stars. The stellar wind and CME models considered here constitute the latest tools currently used for space weather prediction in the solar system.
Guided by previous numerical studies, we showed that eruptions driven with the same parameters used to simulate strong CMEs on the Sun, can be completely confined by a large-scale surface magnetic field composed by a 75 G dipole (aligned with the rotation axis of the star). We were able to put these results in the context of eruptive solar flares, leading to full suppression by this large-scale field of CME events associated with flares up to ∼X20 in the GOES classification.
The parameter space explored in our simulations included sufficiently strong events to escape the confining conditions. However, regardless of the suppressed or escaping state of the eruption, we found that the overlying field drastically reduced the CME speeds in comparison with expectations from solar observations and their extrapolations. On the other hand, the mass perturbed during the eruption was fairly consistent with the solar data, indicating a weaker influence on this parameter by the large-scale field. Still, our simulations indicate that CME interactions with the overlying field and the ambient stellar wind could lead to important structural changes of the eruption, such as partial confinement and CME fragmentation.
Finally, our analysis revealed that only CMEs with kinetic energies greater than ∼ 3 × 10 32 erg, would be able to escape the magnetic confinement imposed by the 75 G dipolar large-scale field. For eruptions following the observed solar flare-CME behaviour, this could occur during flaring events with energies greater than 6 × 10 32 erg (GOES class ∼X70). Active stars not only display larger flare energies, but also stronger magnetic fields on smalland large-scales which, respectively, influence the generation and confinement of the CMEs. For this reason, a non-trivial extension of the results here presented is expected for those cases. Further numerical work will be pursued in order to determine the relative impact from additional factors on this suppression mechanism. This includes different stellar properties (e.g., mass, surface gravity, rotation period), large-scale field strength and complexity, characteristics of the small-scale field, influence from the mass-loaded filament, and possible CME-stellar wind interactions.
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